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Wc have measured the noise temperature of heterodyne receivers cmploying Nb/AIQ,/Nb tunnel
Junction mixers atfrequencics ranging from 70% 10 93% of the gap frequency of niobium (-700" GHz). The
sensitivity of the receiver is decreased by the overlap 01 the 1 = | and n = 2 photon steps of opposite sign.
At hiss voltages where these photon steps overlap, there is anincrease in receiver noise of up t0 50%.
Theoretical calculations using the Tucker thcory agree wellwith the observed mixer performance. This
overlap already affects thereceiver operation for best performance st frequencies wel | below 700 GHz.,

[Jow-noise heterodynereceivers using quasiparticle S1S
(Supercond uctor-Insulat or-Superconductor) tunnel junction
mixers operating atmillimeter and submillimeter wavelengths
have been developed primarily for radioastronomy
applications.!-7 The SIS mixers, for which the Tucker mixer
theory® predicts high RE-to-1I' conversion efficiency and
quantum-himited noise, arc expected to work well at frequencics
up tothe gap Irequency of the superconductor used, and up o
twice that frequency with somewhat degraded performance.?-10
Almostall S1S recceivers presently used on radiotelescopes
cmploy niobium tunnel junctions for their ruggedness and high
quality /-v charac teristics. Recently, a fewreccivers using
niobium mixers have been developed™ ™7 for frequencies
approaching 700" GHz, the gapfrequency of niobium. Mixer
operation above the gap frequency of Nh has been demonstrated
in the laboratory®, but With significantly worse performance.
White some preliminary measurements have also been done on
low cnergy €D superconductors, like aluminum, bt
millimeter wavelengths, little has been done to investigate at
submillimeter wavelengths the consequences of operating S1S
receivers near the encrgy gap.

One consequence, expected theoretically for operation near
the gap frequency, is an increase of the receiver noise at bias
voltages where the n= Iphotonstep of the positive voltage
region in the /-V curve and n:Qph()ton step from the negative
voltage region overlap. As shown in Fig. 1, the n=2 photon
slcpdccrcuscslhc i<l~-induced (pumpcd)currcnl in the overlap
range, causing a change of slope in the pumped /-V curve.
Subsequently, a minimum is expected in the receiver IF output
power at this change of slope, as aresult of the smaller IF
dynamic impedance which incrto}gQN the TK mri]snplatch and ,}he
mixer conversion loss 12The lrequency at whichan overlap

starts shrinking the bias region on the first photon step is:

, 2
=1, 1)
/ n+1 f‘g (

where nis the order of the photonstep of opposite sign and f,
is thc gap frequency. Onc sccs that the n=3 photon step starts
playing arolcal f> 350 GHzr (f>j:q/2 where fp = 700 GHr for
Nb). butfor practical local oscillator (1.0) powers, the ¢ffect is
negligible. The case n=2 occurs for 213 f, <f < fy, ie for
frequencics between 466 Gilz and 700 GHz. Wc have
investigated experimentally and theoretically how this n=2 case
overlap aflects the sensitivity of a submillimeter-wave receiver.
This effect has not been mentioned in the literature so far.
possibly because few SIS recciver results have been reported in

Ibis frequency range.

Two heterodyne receivers designed for astronomical
obscrvations at 547 Gillz and 626 Glz, have been used to
study S[S mixer perefotmance a frequencices between 490 GHz,
and 650 GHz, i.c. 70% to 93% of the gap freq uency o ¢
niobiuni. Bothreceiversuse similar waveguide mixers, and an
extensive discussion of their design has been provided
elsewhere. 57 The S1S mixers cachuse a single 0.251m” area
Nb/Al-ATO,/Nbtunnel junction.!? To optimize the RE
impedance match, the w aveguide backshort and H-plane tuner
arc uscd in conjunction with a superconductive micro strip
circuit integrated with the junction to provide an appropriate
embedding circuit. The double-sideband (DSB) receiver noise
temperature is derived from7y, = (7} - Y T)/(Y1) where Y is
the ratio of the IF output powers measured in response to a hot
(1,=290K) and a cold (7 .=82K) load placed atthcreceiver REY
input.

Figure 2 shows the receiver IF output power for the RE
hot and cold 1oad signals as afunction ol hiss voltage for 4
different 1O frequencies: 490, 540, 631 and 649 GHz. Onc
notices it sharp minimum in the IF power occuring at a voltage
which increases with frequency. in addition, the 1.O-pumped /-
V curves whi ch are also sho wn in Fig. 2 display a change of
slope forthe same voltage. We contend that the change ol
slope in the pumped 1- V curves and the sharp minimum in
the IF power curves both result from the overlap of then= 1
and n=2 photon steps dis cussed above. The fact thathigh
L.O powers enhance the effect supports this interpretation. The
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Fle. 1. DUNCMAte 1CCOonsructon 0t an ¢Xperimenial puppou -y v
displaying an inflection point (solid line) using the photon step overlap
argument. The dashed curves show the photon steps of width /e trom the
positive and negative voltage 1egions "betore” their effects are added.
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Fig. 2. Unpumpedand 1.0 pumped -V curvel and1F output power 1ot hot
and cold load signals versus bias voltage for a fe w different junctions at
(ay 1 =490 GHz: (b) 540 GHz:; (¢) 631 Gliz: and (d) 649 GHz. The dashed

vertical lines indicate V ©vertap,
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Fig. 3 Measured voltages tor the 1 tiection pomnt (SquAares), normanzea 1o ne
gap v oltage fif /e, as a function of the normalized 1.0 frequency j/fg.'l‘hc
dashed line represents the predic ted voltages for the photon step overlap. Fot
comparison, the 2nd Shapiro steps (ttiangles) are also shown and compared
1o the Josephson voltage-frequencey relation v shapiro = 2(/if72e) (dotted line)

measuredvoltages for which the change of slope occurs in the
pumped -V characteristics are plotted versus 1.0 frequency in
Fig.3 1t canbe scenthatthey archighly correlated with the
overlap voltages given by:

Voverlap -0 hfle - V‘q (2)
Moreover, this feature is n~agnctic-field inscnsitive, which
rules out Josephson-(ype phcnomena. The n=2 Shapiro step is
seen as anindependent componentand can be quenched by a
magnetic field applied in the planc of the junction. It has been
measured versus [.O frequency and as seen in Fig.3is clcarly
distinctirom the photonstep Overlap.

The receiver performance was optimized with respect 1o
backshot I,}i—p]ﬂllC(UnCI. and 1.O power on (he peak inthe IF
output at a bias vOMag ¢ ghove Vererlap The receiv er noise
temperature was then measured at this pointand a biases below
the overlap voltage without re-optimizing the mixer. For the
600 GH~ receiver, the best performance between 610-631 GHyz.
iS 214-240 K. Thenoisc temperature is higher by 40-64 K
respectively (i. e., 17-30%), atthe¢best bias point below
yeverlap  The variations exhibited by the observed noise
temperatures and their increases arc caused by the exact settings
of the waveguide tuners and 1.O power rather than by a
systematic trend with frequency. The second receiver operated at
540 Gl gives a noisctemperature of 196 K and shows an
increasc of 108 K (55%) below the overlap voltage. Such a
receiveinoise increase imphicsintegration times longer by a
factor of up to 2.5 for actualastronomical observations.

We have performed calculations using the Tucker theory®
to analyvze the obscrved change of slope in the pumped /-V
curves, and toinvestigate the predicted effecton the mixer
noise temperature Iyvand conversion cfficiency Gy The theory
i s fittedto the puniped /- V curves using the 1.O voltage
amplitude as a free paramater to obtain the embedding
impedance of the mixer circuit. Calculatedpumped]-V curves
can then be generated forany 1LO pump level. along with the
corrcsp(mding\’2!]ucsol"(iM and TM- The measured noise and
gainofthe Il systemhave aiso been included 1o predict the
total receiver noise and the IF output power for the hot R
load signal.

Fiaure 4 (a) shows a calculated pumped /-V curve fiting
experimental dataat 540 GHz (the fitied and experimental
curves arc barcly distinguishable). The fitted embedding
impedance is Z = 58 - j105€ and the 1.0 power is 50 nW;
close to [hc optimum for best receiver performance. The
cale ulated IF output power for the RE hotload signs] is also
shown in Fig.4 (a) and agrees rcasonably well with the
measured II' ouput power The 11 system noise was 7 K for
this receiver and the noise contribution of the elements located
in front of the mixer have not been considered in the
calculation. which parily explains the difference in measured
and calculat ed recei ver noise tem peratur es shown in fig ure
4 (b). While the thcory underestimates the actual noise, it
nevettheless predicts a significant increase in noise below the
overlap. The calculated available and coupled mixer gainare
plotted in Fig. 4 (¢) and show that the dip observed in thell
output power at V'l corresponds 1o a sharp decreasc ol the
available mixer gain. and is only weakly dependentonthe IF
mismatch. A similar sctof curves is shown in Tigs. 4 (d), (c)
and ( f) for an J.0 {requency of 631GHz.8 The embedding
impedance to achieve a good fit to the 1-V curve is Z=28.3 -

152.3Q, the estimated [.O poweris| ()() n W, andthe I} noise

temperature is 4 K. Qualitatively and guantitatively. the overall
agrecment between the cal culat ed and measured receiver noise
variations is quite good.

As frequency is increased, the voltage range vV O <P < v
<V plorbest pert’ot-Inance (above the dashed lingin Fig.3)
isreducedto asmallregion corresponding toa very narrow
peak in the I power curve (scefig. 2(c)), which vanishes
completely near 700 GHz. At frequencies above 650 GHz, rhis
regionis exceedingly small, allowing no practical bias at
V = voverlap - and the effect discussed here would be
unnoticed.” In this case the mixer would be optimized in the
ove jap region. We have cale ylated the optimized receiver
performance at biases hoth above and below Veverlap The
theory suggest that optimized receiver noise below yeverlr



would be about 22% higher than above at 630 GHz: and the
change would be 35% at 540 GHy.

Furthermore as frequency increases, the sccond Shapiroe
step and the overlap voltage converge putting the optimum
hiss near the Shapiro step. This is not a problem around
547 GHrwhere a large part of the photon step can still be
used. but becomes of concern ncar 600 GHy and a bove.
Therefore. strong supression of the AC Jesephson effect with
an external magnetic field is critical to avoid instabilities and
additional noise. while itis passible in theory to quench the
Shapiro steps byapplying a suitable magnetic field, noise
spikes often remain in the actual IF power curves no matler
how smoothed the 1- V characteristicsappear (see Fig. 2(¢)).
While applying additional {lux quanta, (]’() = 11/2(’,11121)’
improve the IF response, the intense magnetic field has the
undesirable effect of slightly decreasing the gap voltage. This
increases Voverlar aecording to eqn. (2), further decreasing the
desirable bias range. Foran applied field resultingin @ =3y,
in our junctions, we find \’g”‘d”“"d -y overlap already at only
635 (GHz, indicating thatthe bias region where there is no
overlaphas  disappeared,

Above 700 GHyz. the performance of niobium-based S1S
mixers is reasonably good '4althoughslightly degraded because
the n= 1 and n=2 photon steps now completely averlap. In
addition, the mixer can only be operated at V. > hw/e -V,

because of the overlapping n= 1 photon step from the negative
region. The upper limit for niobium S1S mixers is about
1400 GHz, twice the gap frequency, when the n=1photon step
fromcither side covers the entire -V, V) hias range.
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Fig 4. (a) Mcasured (solid) and calculated (dashed) pumped £- \ cunves,
measured (solid) and calculated (dashed) 11 power for hotload signalat s4(1
Gllz; (b) measured (solid) and theorctical (dashed) double-sideband 'I'ru,
versus bias voltage at 540 Gz (c-) calculated available (solid) and coupled
(dashed) mixer gains at 540 Gllz; (d). (€)and (f): same sctof curves at 631
GHz.

T summary. we have observed the effect of overlapping
photon steps on SIS mixer performance at submillimeter
wavelengths. The increase in receiver noise caused by this
effect can already become difficult to avoid at frequencies as
low as 635-650 GHz. which is still well below the gap
frequency of Nb.
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